Cosmological constant problem (in its various versions) is arguably the deepest gap in our understanding of theoretical physics, the solution to which may very likely require revisiting the Einstein theory of gravity. In this letter, I argue that the simplest consistent way to decouple gravity from the vacuum energy (and hence solve the problem) is through the introduction of an incompressible gravitational aether fluid. The theory then predicts that gravitational constant for radiation is 33% larger than that of non-relativistic matter, which is preferred by most cosmological observations (with the exception of light element abundances), but is not probed by current precision tests of gravity. I also show that slow-roll inflation can happen in this theory, with only minor modifications. Finally, interpreting gravitational aether as a thermodynamic description of gravity, I propose a finite-temperature correction to the equation of state of gravity, which would explain the presentday acceleration of the cosmic expansion as a consequence of the formation of stellar mass black holes.
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The cosmological constant problem, along with the nature of quantum gravity, are arguably the deepest and most longstanding gaps in our understanding of theoretical physics. On the one hand, consistent quantization of Einstein theory of gravity is impossible due to nonrenormalizable divergences associated with high energy gravitons that run in loops. Attempts to regulate these divergences require introducing new degrees of freedom (such as space-time discreteness) or replacing particles by extended objects (such as strings and non-perturbative higher dimensional branes). Such attempts, even though very fruitful over the past century, have not yet been able to convincingly reproduce the standard cosmological or particle physics models.
On the other hand, in order to explain cosmological observations (or even the mere fact that there are cosmological observations) the energy density of vacuum fluctuations of well-established quantum field theories should exquisitely cancel that of yet-to-be discovered fields, as well as possible non-perturbative effects to better than 1 part in 10 60 (see e.g. [1, 2] for reviews). The most popular solution to this problem is the proposal that the Universe realizes very different vacuum densities on causally disconnected patches, but the observers can only live in regions hospitable to structure formation and life (known as the anthropic selection), which would choose small vacuum densities [3] . While logically plausible, almost all other predictions of the anthropic solution (i.e. the multi-verse) lie beyond the observable horizon, and thus cannot be tested or falsified. This does not vouch well for a physical theory. Moreover, other physical and cosmological parameters (in particular, the amplitude of density perturbations) could be different in different patches, rendering the anthropic criterion for vacuum density illdefined [4] .
Alternatively, one may envisage that a modification of Einstein gravity would decouple the vacuum from gravity. This is the route that we will pursue here. A realization of this possibility, known as degravitation introduces a high-pass filter in the linear theory of gravity, so that gravity is shut off for long wavelength density perturbations (thus degravitating the vacuum) [5] . Unfortunately, the only proposed non-linear completion of this theory, known as cascading gravity [6, 7] does not as yet have any known cosmological solutions, due to its complexity. Moreover, degravitation cannot explain the coincidence problem, i.e. why the onset of cosmic acceleration was coincident with structure formation in the Universe.
While both problems (cosmological constant and quantum gravity) involve the interaction of quantum mechanics with the theory of gravity, the proposed solutions to each problem, while often incomplete on their own, also appear completely divorced [17] . Here, however I speculate that as the two problems have common ingredients, they might also have a common solution.
In particular, an action principle, which is only necessary for a consistent quantization, may also be only existent in terms of the fundamental gravitational degrees of freedom. The effective metric degrees of freedom, observable to us at low energies, may instead have only a thermodynamic description which lack an effective action and/or unitarity after coarse-graining the fundamental degrees of freedom. This also would be consistent with the thermodynamic description of general relativity [8] , as well as black hole entropy and its information paradox, since a classical action theory need not have a thermodynamic description.
A well-known example of a similar situation is the Navier-Stokes equation in fluid mechanics, which gives an effective coarse-grained description of the phase space density of particles. While an action principle can be written for individual particles, the Navier-Stokes equation, coupled with the heat transfer equation, lack an action and only provide a thermodynamic description. Therefore, from here on, we will abandon the action principle, and instead try to build up a classical thermodynamic theory of gravity consistent with experimental/observational constraints, most important of which is decoupling the quantum vacuum from gravity. Following the language of Jacobson [8] , we will seek a new equation of state for gravity, as a modification of the Einstein equation.
As deviations from Einstein gravity in vacuum are already thoroughly tested through solar system/astrophysical observations or terrestrial experiments (see [9] for a review), we will only modify the source of gravity, i.e. the right hand side of the Einstein equation. The most general local covariant modification of the right hand side of the Einstein equation which: a) is linear in the energy-momentum tensor T µν , as expected at low energies, and b) is insensitive to the vacuum energy density, ρ vac , where T µν = ρ vac g µν + excitations, is
This modified Einstein equation, if self-consistent and in agreement with other experimental bounds on gravity, could potentially constitute a solution to the cosmological constant problem. Notice that Eq. (1) is in contrast with unimodular gravity, where both sides of the Einstein equation are modified (and traceless). The reason we have added "..." to the right hand side of Eq. (1) is that, because of the Bianchi identity, the left hand side of Eq. (1) has zero divergence, while the divergence of T µν vanishes if we assume matter couples to the space-time geometry through the metric g µν . Therefore, as the new term − 1 4 T g µν has a generally non-vanishing divergence, one needs an additional term to make Eq.
(1) consistent. For this term, we will assume a simple perfect fluid hypothesis, with a fixed equation of state, ω ′ , i.e.:
which we call gravitational aether in our framework (borrowing the terminology of [10] ). For the right hand side of Eq. (2) to be divergenceless, we then require:
While it might seem that we have replaced an unknown (albeit big) number, ρ vac , with unknown scalar and vector fields p ′ and u µ , we now argue that they are dynamically fixed in terms of T µν via Eq. (4) (although the dependence will be generally non-local). Let us first consider a homogeneous cosmology with a matter component with fixed equation of state w. As the matter satisfies the usual continuity equation, we still have ρ = ρ 0 a −3(1+w) . Now, Eq. (4) for a similarly homogeneous gravitational aether yields: dp
This equation can be easily solved, as a superposition of homogeneous and inhomogeneous solutions. For ω ′ > w, the homogeneous solution will decay faster than the inhomogeneous one, and thus the asymptotic solution will be independent of the initial state of the aether field. For the inhomogeneous solution, we can define an effective gravitational constant G eff so that:
Using Eq. (5) we find
In other words, the effective G that relates geometry to the matter density ρ in Friedmann equation is now dependent on the equation of state of the dominant energy component of the Universe. For the specific cases of matter era versus radiation era, we find:
The expansion history in the radiation era depends on the product Gρ rad , and is constrained through different observational probes. The constraints are often described as the bound on the effective number of neutrinos N ν,eff , which quantifies the total radiation density ρ rad . However, assuming only three neutrino specifies, we can translate the constraints to those on G eff . Matching Big Bang Nucleosynthesis predictions with the observed primordial abundances of light elements already requires G N /G R = 0.97 ± 0.09 [11] , which is discrepant with any value of ω ′ > 0, at > 2.4σ level, although it clearly prefers larger values of ω ′ . However, we should note that observational constraints at lower redshifts, and particularly combination of Ly-α forest and CMB observations [12] yield G N /G R = 0.73 ± 0.04 which prefers our prediction to that of General Relativity (i.e. G N = G R ), as long as ω ′ > ∼ 5 (see Fig. 1 ). Future CMB observations by Planck satellite, as well as ground-based observatories are expected to improve this constraint dramatically over the next five years, and thus confirm or rule out this prediction.
Motivated by these constraints, we will assume ω ′ ≫ 1 for the rest of the analysis, corresponding to a nearly incompressible fluid, which is sourced by ∇T (Eq. 4). This is also desirable, as in the ω ′ → ∞ limit (or the cuscuton
FIG. 1:
The ratio of the Newton's constant for non-relativistic matter (dust), GN , to the effective gravitational constant for radiation GR, as predicted in the gravitational aether theory with equation of state ω ′ . The dark (dashed) areas show 68% (95%) observational constraints from Big Bang Nucleosynthesis [11] and CMB+LSS+Lyα+SNe [12] . fluid) there is no superluminal propagation of information [13] . Moreover, in the incompressible limit, there will be no energy loss to aether sound waves, which is tightly constrained from the binary pulsar observations (e.g. see [9] ). In the non-relativistic regime, the corresponding continuity and Euler equations become:
where˙≡ ∂ ∂t + u · ∇, is the usual Lagrangian (or comoving) time derivative, and φ is the Newtonian potential. We next notice that for the aether fluid to remain nonrelativistic, the effective pressure in the Euler equation should remain small:
For example, for a static spherical star in an asymptotically flat space-time, assuming that p ′ → 0 at infinity, we can integrate the Euler equation to find:
(12) As the speed of sound for the aether fluid perturbations is simply c s = ω ′1/2 > 1 it is not surprising that the perturbations around a static background remain stable:
Therefore, after the sound waves leave the system (which happens infinitely fast in the incompressible limit ω ′ → ∞), the aether simply follows the non-relativistic matter. The departure from this behavior can be estimated by contrasting the continuity equation of aether (9) with that of matter:
which is small, as long as the gravitating objects have non-relativistic internal pressure. In contrast, the transverse (or vorticity) modes do not propagate in Eq. (13) . In principle, similar to the ordinary vector modes in cosmology, these modes are suppressed during the cosmological expansion, but can be sourced during the non-linear collapse phase. For these modes, we have: u vor. = ∇×A T , where A is fixed by the boundary conditions of the non-relativistic region. As a result, within dense objects (such as planets or stars), which are the dominant source of gravity in all precision tests of general relativity, the vortical modes nearly vanish in the rest frame of the objects, as T ≃ ρ is several orders of magnitude larger than the surrounding environment. We thus conclude that the incompressible (ω ′ ≫ 1) aether is almost perfectly dragged along with the dense objects with non-relativistic internal pressure. In this regime, the right hand side of the modified Einstein equation (2-3) will take a perfect fluid form: T µν eff = (ρ eff + p eff )u µ u ν − p eff g µν , with:
where we used Bianchi identity to substitute for p ′ . In other words, for a slowly varying equation of state w = p/ρ ≃ṗ/ρ, the effect of gravitational aether is simply to renormalize the effective gravitational constant:
where G N = 3G ′ /4, and the size of corrections is determined by the velocity offset between aether and matter (14) [18] . It is interesting to notice that, despite all the exquisite precision tests of general relativity (often described in terms of constraints on Parametrized PostNewtonian (PPN) parameters), a possible anomalous dependence on pressure (the PPN parameter ζ 4 ) has never been probed independently [9] . In particular, the theoretical expectation that ζ 4 must be related to other PPN parameters (Eq. 39 in [9] ) is not realized in the gravitational aether theory, where ζ 4 = 1/3 (using Eq. 16), while other PPN parameters vanish.
Let us now consider other cosmological implications of the gravitational aether theory. As the equation of state is negligible in the matter era, the cosmological dynamics is indistinguishable from general relativity. However, the transition from radiation to matter era is delayed as radiation now gravitates 33% stronger than non-relativistic matter. As we argued above (see Fig. 1 ), this is actually preferred by most cosmological observations [12] . In the radiation era, T = 0 and thus again, the dynamics is indistinguishable from general relativity.
One may wonder if we can realize a successful inflationary scenario in the gravitational aether theory, especially since inflation is (often) driven by the (near) vacuum energy of a scalar field. However, we should note that, since inflation should come to an end, the energy density cannot be exactly constant. Combining Eqs. (15) and field equation for a scalar field ϕ with the potential V (ϕ), we see that there still exists a phase of slow-roll inflation if:
where M p is the reduced Planck mass (M −2 p ≡ 8πG N = 6πG ′ ). Notice that the expansion rate now depends oṅ ϕ, rather than V (ϕ) in the modified Friedmann equation:
The power spectrum of scalar quantum fluctuations can be found similar to ordinary inflation:
